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We  previously  reported  the  capacity  of  the  cationic  lipid-based  formulation.  Vaxfectin*,  to  enhance  the 
immunogenicity  and  protective  efficacy  of  a  low  dose  plasmid  DNA  vaccine  against  Plasmodium  yoclii 
malaria  in  mice.  Here,  we  have  extended  this  finding  to  human  Plasmodium  falciparum  genes,  evaluating 
the  immune  enhancing  effect  of  Vaxfectin*  formulation  on  a  mixture,  designated  CSLAM.  of  five  plasmid 
DNA  vaccines  encoding  antigens  from  the  sporozoite  (P/CSP.  P/SSP2/TRAP),  intrahepatic  (P/ISA1 ),  and 
erythrocytic  (P/AMA1,  P/MSP1)  life  cycle  stages  of  P.  falciparum  administered  at  2,  10  or  50p.g  doses. 
Vaxfectin*  formulation  enhanced  both  antibody  and  cellular  immune  responses  to  each  component  of 
the  multi-antigen  vaccine  mixture,  as  assessed  by  ELISA,  IFAT,  and  IFN-y  ELIspot,  respectively.  There  was 
no  apparent  antigenic  competition,  as  indicated  by  comparison  of  responses  induced  in  mice  immunized 
with  P/tSP  vs.  CSLAM.  These  data  showing  that  Vaxfectin*  can  enhance  the  immunogenicity  of  plasmid 
DNA  vaccines  administered  at  low  doses  per  body  weight,  and  in  combinations,  has  important  clinical 
implications  for  the  development  of  a  vaccine  against  malaria,  as  well  as  against  other  public  health 
threats. 

Published  by  Elsevier  Ltd. 


1.  Introduction 

In  humans  and  animals,  immunization  with  Plasmodium  sporo¬ 
zoites  attenuated  by  radiation,  such  that  their  development  is 


Abbreviations:  APCs,  antigen  presenting  cells;  Cl,  confidence  interval;  D-D, 
DNA-DNA  immunization  regimen;  D-V.  DNA-recombiuant  viral  boost  immuniza¬ 
tion  regimen;  ELISA,  enzyme-linked  immunosorbent  assay:  ELISpot,  enzyme-linked 
immunospot;  IFA,  immunofluorescent  antibody  test;  IFN-y,  interferon-gamma; 
pDNA,  plasmid  DNA:  Pf,  Plasmodium  falciparum:  CSP,  circumsporozoite  protein; 
SSP2,  sporozoite  surface  protein  2:  LSA1,  liver  stage  antigen-1;  AMA1.  apical 
merozoite  antigen-1;  MSP1«  (3D7  strain  merozoite  surface  protein-1;  SFC,  spot¬ 
forming  cells. 
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halted  at  the  liver  stage,  can  protect  against  subsequent  sporozoite 
challenge.  Protection  is  believed  to  be  mediated  by  cell-mediated 
immune  responses  directed  against  multiple  proteins  expressed  by 
irradiated  sporozoites  after  entry  and  limited  development  in  hep- 
atocytes  [1,2].  Naturally  acquired  clinical  immunity,  observed  in 
residents  of  malaria  endemic  areas  who  have  experienced  repeated 
malaria  infections,  is  effective  at  preventing  severe  malaria:  and 
is  thought  to  be  mediated  by  antibodies  directed  against  multiple 
antigens  expressed  in  the  blood  stage  [3.4].  These  models  establish 
the  feasibility  of  developing  a  malaria  vaccine  but.  despite  extensive 
research  spanning  decades,  an  efficacious  malaria  vaccine  is  not  yet 
available  [5—7).  The  level  of  protection  obtained  to  date  with  sub¬ 
unit  vaccines  based  on  a  single  antigen  has  been  suboptimal  [S— 1 3), 
and  there  is  increasing  recognition  of  the  need  for  vaccines  target¬ 
ing  more  than  one  antigen  and  more  than  one  stage  of  the  parasite 
life  cycle,  and  that  induce  both  cellular  and  humoral  immunity. 
Accordingly,  the  research  focus  has  moved  towards  development  of 
a  multi-stage  multi-immune  response  vaccine  comprising  antigens 
expressed  in  the  liver  stage  and  targeted  by  T-cell  responses  as  well 
as  antigens  expressed  in  the  blood-stage  and  targeted  by  antibody 
responses  |14),  By  reducing  the  numbers  of  parasites  emerging 
from  the  liver  (T-cell  immune  responses  directed  against  liver  stage 
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antigens)  and  priming  the  immune  system  to  antigens  that  will  be 
boosted  by  infection  from  natural  exposure  (antibody  responses 
directed  against  blood  stage  antigens),  it  is  hypothesized  that  one 
will  reduce  the  severity  and  mortality  due  to  Plasmodium  falciparum 
malaria.  Other  research  is  being  directed  towards  the  develop¬ 
ment  of  whole  organism  vaccines  such  as  the  irradiated  sporozoite 
vaccine  being  commercialized  by  Sanaria  Inc.  |15]  and  genetically 
attenuated  parasites  [16-19]  which  rely  on  the  expression  of  the 
entire  repertoire  of  parasite  antigens  expressed  in  given  stage  of 
the  parasite  life  cycle.  It  is  well  established  that  antigen  variability 
is  a  major  obstacle  to  malaria  vaccine  development  [20,21].  The 
immunological  challenges  to  developing  effective  malaria  inter¬ 
ventions  have  been  recently  reviewed  [22]. 

Based  on  the  two  models  of  human  immunity  against  malaria  - 
irradiated  sporozoite  immunization  and  naturally  acquired  immu¬ 
nity  -  we  have  sought  to  develop  a  DNA-based  malaria  vaccine 
which  relies  upon  the  induction  of  antibody  and  T-cell  responses 
against  multiple  parasite  proteins  expressed  in  different  stages  of 
the  parasite  life  cycle.  Our  previous  studies  of  mice  immunized 
with  a  mixture  of  plasmid  DNA  (pDNA)  encoding  nine  P.  falci¬ 
parum  (3D7  strain)  antigens  revealed  suppressive  effects  in  the 
multi-antigen  mixture  which  could  be  associated  with  a  specific 
subset  of  the  nine  antigens  [23].  Those  data  led  us  to  down-select 
a  core  panel  of  five  antigens,  designated  CSLAM  (CSP,  SSP2,  LSA1, 
AMA1,  and  MSP1),  for  further  development  and  evaluation.  The 
pre-erythrocytic  stage  antigens  (CSP,  SSP2,  and  ISA1 )  are  designed 
to  induce  T-cell  responses  against  liver  stage  antigens,  and  the 
erythrocytic  stage  antigens  (AMA1  and  MSP1 )  are  aimed  at  induc¬ 
ing  responses  directed  against  blood  stage  parasites.  Since  AMA1 
and  MSP1  are  also  expressed  in  sporozoites  and  liver  stage  par¬ 
asites  [24-26]  they  are  expected  to  also  contribute  to  hepatic 
stage  immunity.  The  underlying  rationale  is  that,  upon  vaccina¬ 
tion,  the  combination  of  responses  from  the  pre-erythrocytic  and 
erythrocytic  stage  components  could  result  in  sterile  protection 
by  eliminating  all  or  most  of  the  parasites  developing  in  the  liver 
(pre-erythrocytic  immunity )  together  with  a  backup  immunity  that 
would  limit  and  clear  any  breakthrough  parasites  that  evaded  the 
liver  stage  immunity  to  develop  blood  stage  infections  (erythro¬ 
cytic  immunity). 

One  limitation  of  multi-antigen  vaccines  is  the  amount  of  pDNA 
injected  and  the  potential  need  for  a  highly  concentrated  pDNA 
mixture  which  could  affect  the  efficiency  of  transcription  and  trans¬ 
lation  and  thereby  result  in  a  suppressed  or  suboptimal  immune 
response  against  target  antigens.  Moreover,  the  modest  immuno- 
genicity  of  some  pDNA  vaccines  to  date  in  human  and  nonhuman 
primate  studies  that  involved  needle  injections  may  be  attributed, 
at  least  in  part,  to  the  relatively  low  dose  per  body  weight  as  com¬ 
pared  to  murine  studies.  The  upper  limit  of  total  pDNA  that  can 
be  injected  is  influenced  by  both  the  concentration  and  viscosity 
of  the  vaccine  and  the  injection  volume.  Finally,  the  manufactur¬ 
ing  costs  associated  with  high  dose  and  requirements  to  include 
multiple  antigens  of  interest  for  some  pathogens,  detract  from  the 
often-cited  advantages  of  pDNA  vaccines. 

In  both  animal  and  human  studies  that  involved  needle  injec¬ 
tions,  the  immune  responses  induced  by  DNA  prime  followed 
by  DNA  boost  (D-D)  immunization  regimens  often  follow  a  dose 
response  [27,28].  This  implies  that  in  order  to  induce  optimal 
responses  against  all  antigenic  components  in  an  optimal  pDNA 
mixture  without  significant  interference  from  some  specific  plas¬ 
mids,  one  may  still  have  to  meet  a  certain  dose  threshold  for 
all  individual  pDNA  components  in  the  mixture.  To  avoid  possi¬ 
ble  suppressive  effects  due  to  the  use  of  high  dose  pDNA  and  to 
reduce  cost,  we  embarked  on  a  series  of  studies  which  capital¬ 
ized  on  the  ability  to  formulate  low  dose  pDNA  with  Vaxfectin® 
for  induction  of  robust  antibody  and  T-cell  responses.  We  have 
previously  shown  that,  compared  to  PBS-formulated  pDNA,  low 


dose  PyCSP  pDNA  formulated  in  Vaxfectin®  enhanced  levels  of 
antibodies,  lFN-y  responses,  and  sterile  protection  after  chal¬ 
lenge  [29].  In  other  studies  in  mice,  rabbits,  and  other  animals, 
the  use  of  Vaxfectin®  formulation  to  deliver  vaccine  antigens  for 
anthrax  and  influenza  induced  strong  systemic,  long-lived,  and 
antigen-specific  antibody  responses  1 30—36, 38,39].  Vaxfectin®- 
formulated  influenza  H5  hemagglutinin-containing  pDNA  vaccines 
have  undergone  Phase  I  testing  in  humans  with  encouraging  results 
[37].  Vaxfectin®  was  also  shown  to  enhance  antibody  and  T-cell 
responses  to  a  protein-based  influenza  vaccine  in  mice  [40]. 

In  the  current  study,  we  hypothesized  that,  when  tested  at 
the  same  pDNA  dose,  the  breadth  of  the  total  anti-malarial  T- 
cell  response  induced  to  a  5-gene  vaccine,  CSLAM,  will  exceed  the 
response  induced  to  a  single  gene  vaccine.  Our  second  hypothe¬ 
sis  was  that  a  homologous  D-D  immunization  regimen  with  low 
dose  pDNA,  involving  single  antigen  or  with  a  5-gene  vaccine  for¬ 
mulated  with  Vaxfectin®  will  yield  immune  responses  comparable 
to  those  obtained  with  higher  dose  pDNA  of  the  same  vaccines 
given  without  formulation.  In  general,  priming  with  pDNA  followed 
by  boosting  with  recombinant  vaccinia  virus  (D-V)  dramatically 
increases  the  immune  response  as  compared  to  responses  induced 
by  D-D  regimens  [41,42].  Therefore,  our  third  hypothesis  was  that 
a  D-D  immunization  regimen  with  low  dose  pDNA  involving  single 
antigen  or  with  a  5-gene  vaccine  formulated  with  Vaxfectin®  will 
yield  enhanced  immune  responses  comparable  to  or  approaching 
those  obtained  with  unformulated  low  dose  pDNA  administered 
in  a  heterologous  DNA  prime-viral  boost  (D-V)  immunization  reg¬ 
imen. 

2.  Materials  and  methods 

2.7.  Mice 

Six  to  8-week-old  female  inbred  BALB/cByJ  (H-2d)  mice  were 
purchased  from  The  Jackson  Laboratory  (Bar  Harbor.  ME)  and  used 
for  cellular  response  studies.  Six  to  8-week-old  female  outbred  CD- 
1  mice  obtained  from  Charles  River  Laboratories  (Wilmington,  MA) 
were  used  for  antibody  response  studies. 

2.2.  Plasmids 

Plasmid  DNA  (pDNA)  stocks  encoding  each  of  five  P.  falci¬ 
parum  antigens  (3D7  strain),  CSP,  SSP2,  LSA1,  AMA1,  and  MSP1, 
as  well  as  empty  vector  without  insert,  VR1020,  were  produced 
by  PureSyn,  Inc.  (Malvern.  PA).  All  plasmids  have  been  previ¬ 
ously  described  |23|.  All  pDNA  stocks  were  >90%  supercoiled. 
Vaxfectin®-formulated  pDNA  stock  endotoxin  levels  were  less  than 
30EU/mg,  while  the  unformulated  pDNA  stock  endotoxin  levels 
were  less  than  7.5  EU/mg. 

2.3.  P.  falciparum  recombinant  virus  (NWAC-Pf7) 

The  recombinant  attenuated  vaccinia  virus.  NYVAC-P/7,  used  in 
boosting  experiments  has  been  previously  described  [23,43,44]. 
NYVAC-P/7  expresses  seven  P.  falciparum  antigens  comprising  Pf 
CSP.  P/SSP2.  P/LSA1,  Pf  SERA.  P/MSP1,  P/AMA1.  and  Pf  Pfs25.  The 
P/C SP,  Pf  SSP2,  P/AMA1,  and  Pf  Pfs25  antigens  derive  from  the 
NF54/3D7  clone  of  P.  falciparum,  the  P/LSA1  antigen  derives  from 
the  NF54  strain  of  P.  falciparum,  and  P/MSP1  and  SERA  derive  from 
the  Uganda-Palo  Alto  and  FCR3  strains,  respectively. 

2.4.  Vaxfectin9  formulations 

Plasmid/Vaxfectin®  formulations  were  prepared  as  previously 
described  [29].  Briefly,  Vaxfectin®  in  sterile  water  for  injection 
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Fig.  1.  Fluxogram  of  immunizations.  All  injections  were  given  at  4-week  intervals  and  samples  for  antibody  and/or  IFN-y  ELISpot  responses  were  assayed  at  2  weeks  after 
last  injection. 


(SWFI)  was  added  to  an  equal  volume  of  pDNA  (single  plasmid  or 
plasmid  mixture)  at  twice  the  desired  final  concentration  in  2x  PBS 
(20  mM  sodium  phosphate,  pH  7.2,  1.8%  NaCl).  Formulations  were 
mixed  by  gentle  inversion.  The  final  molar  ratio  of  pDNAtcationic 
lipid  was  4:1. 

2.5.  Immunizations 

Mice  (n=  14  per  group  for  antibody  studies  in  CD-I  mice  and 
n  =  8  per  group  for  T-cell  studies  in  BALB/c  mice)  received  intramus¬ 
cular  injections  in  the  tibialis  anterior  muscle  pDNA  formulated 
in  PBS  or  Vaxfectin®  using  insulin  syringes  (0.3  ml;  Becton  Dick¬ 


inson  309301)  with  29G1/2  needles.  Individual  plasmids  or  the 
CSLAM  combination  were  administered  at  the  same  total  pDNA 
dose  and  in  the  same  number  of  sites;  therefore,  for  each  antigen, 
the  actual  amount  of  plasmid  in  the  5-gene-CSLAM  plasmid  mix¬ 
ture  was  always  one-fifth  as  compared  to  the  individual  plasmid 
vaccine. 

In  Experiment  1,  three  pDNA  doses  that  included  2,  10  and 
50  p.g  of  CSP  and  CSLAM  pDNA  vaccines  in  PBS  or  formulated  in 
Vaxfectin®  were  tested  in  either  homologous  D-D  or  heterologous 
D-V  immunization  regimens  (D-D  and  D-V  immunized  in  parallel). 
The  homologous  immunization  regimen  groups  received  4  doses  of 
2, 10  or  50  pig  pDNA  in  PBS  or  formulated  in  Vaxfectin®,  whereas 
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the  heterologous  immunization  groups  received  3  doses  of  2,  10 
or  50  p.g  pDNA  in  PBS  or  Vaxfectin®  followed  by  an  intramuscular 
boost  with  1  x  107  pfu  NYVAC-P/7  recombinant  virus.  Three  con¬ 
trol  groups  included  mice  injected  3  times  with  empty  vector  pDNA 
formulated  in  PBS  or  Vaxfectin®  and  boosted  with  NYVAC-P/7,  and 
naive  mice.  Injections  were  carried  out  at  4-week  intervals  and 
samples  for  antibody  and  IFN-y  ELISpot  responses  were  assayed 
at  2  weeks  after  the  last  injection. 

In  Experiment  2,  each  of  the  five  plasmids  included  in  the  CSLAM 
vaccine  was  injected  individually  at  a  dose  of  2  p.g  per  mouse. 
CSLAM  vaccine  was  also  injected  at  a  dose  of  2  pig  per  mouse. 
After  2  priming  injections  with  pDNA,  the  homologous  immuniza¬ 
tion  regimen  groups  received  a  third  pDNA  immunization,  while 
the  heterologous  immunization  groups  received  an  intramuscular 
boostwith  1  x  107  pfu  NYVAC-P/7  recombinant  virus.  IFN-y  ELISpot 
responses  were  assessed  in  pooled  splenocytes  from  each  group  2 
weeks  after  the  last  injection. 

In  Experiment  3,  each  of  the  five  plasmids  included  in  the  CSLAM 
vacci  ne  was  tested  at  an  even  lower  dose  of  0.4  p,g  per  mouse.  After 
a  single  pDNA  priming,  all  primed  animals  received  an  intramuscu¬ 
lar  boost  with  1  x  107  pfu  NYVAC-P/7  recombinant  virus.  Another 
group  of  mice  received  no  pDNA  priming,  but  an  intramuscu¬ 
lar  injection  with  1  x  107  pfu  NYVAC-P/7  recombinant  virus.  IFN-y 
ELISpot  responses  were  assessed  in  individual  mouse  splenocytes 
2  weeks  after  the  last  injection. 

A  fluxogram  of  all  three  experiments  is  illustrated  in  Fig.  1. 

2.6.  Antibody  assays 

Individual  sera  obtained  2  weeks  after  the  last  injection  (Experi¬ 
ment  1 )  were  analyzed  for  reactivity  with  P.  falciparum  sporozoites 
and  blood  stage  parasites  by  IFA  as  previously  described  (8).  Sera 
were  also  analyzed  by  standard  ELISA  as  previously  described  [45]. 
The  expression,  purification,  and  characterization  of  the  five  P.  fal¬ 
ciparum  recombinant  proteins  used  as  capture  antigens,  CSP,  SSP2, 
LSA1.  AMA1,  and  MSP!  has  been  previously  reported  [23]. 

2.7.  WN-y  ELISpot  assays 

Detection  of  antigen-specific  IFN-"y  producing  cells  was  per¬ 
formed  as  previously  described  [23]  with  modification.  Since  H-2d 
restricted  T  cell  epitopes  have  not  been  defined  for  all  antigens 
studied  here,  and  because  responses  could  be  directed  at  multiple 
epitopes  on  a  given  antigen,  we  used  transfected  A20  cells  (ATCC) 
as  antigen  presenting  cells  (APCs)  in  the  ELISpot  assay.  For  the 
5  antigens,  this  approach  offered  an  efficient  and  more  practical 
means  of  measuring  T-cell  responses  in  all  experimental  groups 
simultaneously  against  all  five  antigenic  targets  prepared  in  the 


same  manner.  Due  to  the  large  number  of  groups  of  mice  involved, 
pooled  splenocytes  were  used  in  some  experiments  (Experiments 
1  and  2).  For  the  pooled  cell  assays,  assessments  were  done  at  least 
twice  using  previously  frozen  cells.  The  data  presented  herein  for 
Experiment  1  utilized  frozen  splenocytes,  and  Experiments  2  and 
3  utilized  fresh  splenocytes  for  the  ELISpot  assays.  We  had  previ¬ 
ously  compared  the  results  of  fresh  or  frozen  cells  assays  and  found 
that  the  magnitude  and  pattern  of  responses  were  similar  (Sedegah, 
unpublished). 

Seven  APCs  were  prepared  by  transfecting  A20  cells  with  plas¬ 
mid  encoding  CSP,  SSP2,  LSA1,  AMA1,  MSP1,  CSLAM  mixture,  or 
unmodified  plasmid  VR1020,  using  the  AMAXA  nudeofector  sys¬ 
tem  (AMAXA  Biosystems/Lonza  Colgone  AC,  Basel.  Switzerland) 
according  to  manufacturer's  instructions.  Eighteen  to  24  h  after 
transfection,  transfected  cells  were  washed  three  times  with  com¬ 
plete  medium,  suspended  in  2  ml  complete  medium,  irradiated  at 
10K  rads,  counted,  and  used  as  APCs  in  the  ELISpot  assay  [23], 
Splenocytes  were  stimulated  in  vitro  with  different  A20-transfected 
APCs  and  the  number  of  Pf  antigen-specific  IFN-y-secreting  spot¬ 
forming  cells  was  evaluated  after  a  36-h  culture  period.  Splenocytes 
were  tested  at400K,  200K,  and  100K  per  well  while  APCs  cells  were 
tested  at  1 00K  per  well.  Assays  were  done  in  tri  plicate  and  the  num¬ 
ber  of  IFN-y-secreting  cells,  recognized  as  spot-forming  cells  (SFC) 
was  counted  using  an  automated  ELISpot  Reader  manufactured  by 
Autolmmun  Diagnostika  (AID)  (GmbH,  Strassberg,  Germany).  The 
number  of  antigen-specific  IFN-y  SFC  in  test  wells  was  corrected  for 
background  by  subtracting  the  mean  number  of  SFC  of  the  negative 
control  wells  (A20  cells  transfected  with  empty  plasmid  VR1020) 
and  the  mean  of  the  test  sample  was  calculated.  Data  were  pre¬ 
sented  as  the  number  of  IFN-y-secreting  SFC  per  million  spleen 
cells, 

2.8.  Statistical  analysis 

IFA  and  ELISA  titers  generated  from  Experiment  1  were  log 
transformed  for  analysis,  and  all  calculations  of  confidence  inter¬ 
vals  were  carried  out  with  log  transformed  data.  The  mean  of  the  log 
of  the  titer  in  each  group  and  the  difference  in  the  mean  log  titer 
between  corresponding  Vaxfectin®  and  PBS  groups  are  reported. 
Positive  log  titer  differences  where  the  95%  confidence  interval  (Cl) 
does  not  involve  a  0  or  a  negative  number  represent  a  significant 
difference.  Statistical  analysis  of  the  antibody  data  was  performed 
with  Stata/SE  version  8.0. 

For  the  IFN-y  ELISpot  data  analysis  in  Experiment  3,  data  gen¬ 
erated  from  individual  mice  (8  mice/group)  immunized  with  the 
D-V  regimen  were  analyzed  in  a  2-way  analysis  of  variance,  con¬ 
ducted  with  log  transformed  or  untransformed  data  for  three  data 
sets,  namely  (1)  the  individual  vaccines  tested  against  the  individ- 


Table  1 

IFA  response  in  CD-I  mice  to  P.  falciparum  vaccines  given  by  D-D  and  D-V  regimens  (Experiment  1 ). 


Regimen 

Dose(p.g) 

CSP  vaccine 

CSLAM  vaccine 

Sporozoite  IFA 

Sporozoite  IFA 

Blood  Stage  IFA 

VAX 

PBS 

Difference  log 
titer  (95»  Cl) 

VAX 

PBS 

Difference  log 
titer  (955;  Cl) 

VAX 

PBS 

Difference  log 
titer  (95SK  Cl) 

D-D 

2 

5.653 

2.826 

0.3  (0.03, 0.57) 

545 

552 

0(-0.55, 0.56) 

4.064 

1452 

0.45  (-0.06, 0.96) 

10 

9.275 

7,994 

0.06  [-0.1 5,  0.27) 

2,436 

1,159 

0.32  (0.09, 0.55) 

1.689 

2560 

-0.18  (-0.80, 0.44) 

50 

16,800 

4,873 

0,54(0.24,0.83) 

2,970 

4.363 

-0.17  (-0.41. 0.08) 

1.140 

3121 

-0.44  (-1.12, 0.25) 

D-V 

2 

17,653 

9,275 

0.28  (-0.09, 0.64) 

11,880 

3.121 

0.58(0.20,0.96) 

5.120 

2970 

0.24  (-0.26. 0.73) 

10 

33,601 

12,058 

0.44  (0.1 1.0.78) 

21,519 

7,994 

0.43(0.16. 0.70) 

10.240 

4413 

0.37  (-0.02,  0.75) 

50 

19,491 

24,965 

-0.11  (-0.39,0.17) 

15,217 

13,116 

0.06  (-0.23. 0.36) 

2,970 

8400 

-0.45  (-1.12, 0.22) 

Sera  from  individual  mice  (n  =  14)  were  assayed  and  geometric  mean  endpoint  titers  for  each  group  against  P.  falciparum  sporozoites  or  blood  stages  by  IFA  are  reported.  To 
compare  the  effect  of  Vaxfectin*  formulation  on  antibody  response,  the  individual  endpoint  antibody  titers  were  log  transformed  and  the  difference  in  the  mean  log  titers 
between  corresponding  Vaxfectin*1  and  PBS  groups  and  the  95%  confidence  interval  (Cl)  around  the  difference  were  obtained  and  are  reported  in  the  "Difference  log  titer 
(95%  Cl)"  column.  Positive  log  titer  differences  where  the  Cl  does  not  involve  a  negative  number  or  0  represent  significant  difference  (highlighted). 
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ual  A20  APCs,  (2)  the  individual  vaccines  tested  against  A20-CSLAM 
APCs,  and  (3)  the  CSLAM  vaccine  against  individual  and  A20-CSLAM 
APCs.  Pairwise  comparisons  of  the  group  means  were  made  with 
the  Tukey-Kramer  multiple  comparison  procedure  at  the  (0.05) 
level  of  significance.  Statistical  analysis  was  performed  using  the 
NCSS  software  (NCSS.  2007). 

3.  Results 

3. 1.  Effect  of  Vaxfectin ®  formulation  on  parasite-specific  or 
antigen-specific  antibody  responses  induced  by  immunization 
with  CSLAM  and  CSP  vaccines 

Outbred  CD-I  mice  (n  =  1 4/group)  were  immunized  with  2. 1 0  or 
50p.g  doses  of  CSP  or  CSLAM  pDNA  vaccines  in  PBS  or  Vaxfectin® 
via  homologous  D-D  or  heterologous  D-V  regimens,  as  described 
in  Section  2.  Sera  collected  2  weeks  after  the  last  immuniza¬ 
tion  were  assayed  for  parasite-specific  antibodies  by  IFA  and  for 
antigen-specific  antibodies  by  ELISA.  IFA  antibody  titers  to  sporo¬ 
zoites  were  higher  in  mice  immunized  with  CSP  pDNA  alone  than 
in  mice  that  received  the  CSLAM  pDNA  mixture  (Table  1).  How¬ 
ever,  this  did  not  reflect  significant  suppressive  effects  due  to  the 
multi-antigen  combination  since  comparable  antibody  levels  were 
attained  when  the  actual  amount  of  CSP  in  the  CSLAM  was  taken 
into  account  (2  and  1 0  p.g  CSP  equivalent  to  1 0  and  50  p.g  CSLAM 
respectively).  As  expected,  mice  immunized  with  CSLAM  had  a 
wide  breadth  of  response  as  indicated  by  detectable  IFA  responses 
against  blood  stages  as  well  as  sporozoites  (Table  1 )  and  by  ELISA 
against  each  of  the  CSLAM  proteins  (Table  2).  Formulation  of  CSLAM 
and  CSP  vaccines  with  Vaxfectin®  generally  led  to  an  increase  in 
both  IFA  and  ELISA  titers,  reaching  statistical  significance  in  some 
cases  (Tables  1  and  2).  The  immune  enhancement  conferred  by 
Vaxfectin®  formulation  was  generally  more  pronounced  at  the  low¬ 
est  dose  tested  (2p.g)  and  in  suboptimal  immunization  regimens 
such  as  low  dose  pDNA  and  homologous  D-D  rather  than  heterol¬ 
ogous  D-V  regimens  (Tables  1  and  2),  consistent  with  our  previous 
findings  in  the  Plasmodium  yoelii  CSP  model  1 29].  Next,  we  evalu¬ 
ated  whether  formulating  low  dose  pDNA  with  Vaxfectin®  could 
result  in  antibody  levels  comparable  to  those  achieved  by  higher 
pDNA  doses  without  formulation.  Data  showed  that  this  was  gener¬ 
ally  the  case  since  responses  induced  by  2  p.g  CSP  pDNA  formulated 
in  Vaxfectin®  were  similar  to  those  induced  by  50  p.g  doses  of  CSP 
pDNA  in  PBS  (Tables  1  and  2).  In  the  case  of  CSLAM  however,  ELISA 
antibody  responses  induced  against  two  of  the  5  antigens,  AMA1 
and  MSP!  by  Vaxfectin®  were  not  increased  except  in  the  case 
of  2p.g  CSLAM  pDNA  formulated  in  Vaxfectin®  in  the  D-V  regi¬ 
men  (Table  2).  We  also  asked  whether  Vaxfectin®  formulation  of 
pDNA  would  allow  the  homologous  D-D  regimen  to  achieve  levels 
of  antibody  response  approaching  those  achievable  with  the  het¬ 
erologous  D-V  regimen.  Our  results  showed  that  while  Vaxfectin® 
formulation  enhanced  antibody  levels  at  each  of  the  three  doses 
tested,  levels  did  not  surpass  those  obtained  by  D-V  immunization 
(Tables  1  and  2). 

3.2.  Use  of  multi-antigen  antigen  presenting  cells  (APCs)  to 
measure  P.  falciparum  antigen-specific  IPN-y  ELISpot  responses 

We  carried  out  a  preliminary  assay  to  evaluate  the  use  of  APCs 
expressing  the  5  antigens  simultaneously  in  IFN-7  ELISpot  assay. 
Splenocytes  from  mice  immunized  with  low  dose  pDNA  (2p.g,  D- 
D  regimen)  involving  the  5  antigens  injected  as  individuals  (2p.g 
total  dose)  or  as  a  mixture  (CSLAM  2p.g  total  dose;  0.4  p,g/plasmid) 
were  stimulated  in  vitro  with  different  APCs  that  included  A20  cells 
transfected  with  plasmid  encoding  CSP,  SSP2,  LSA1,  AMA1,  MSP1, 
or  CSLAM  mixture. 
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Fig.  2.  IFN-*y  EUSPOT  response  in  BALB/c  to  CSP  and  CSLAM  vaccines  in  D-D  and 
D-V  regimens  (Experiment  1 ).  IFN-y  EUSpot  assays  were  carried  out  as  described  in 
Section  2.  Freshly  isolated  spleen  cells  were  pooled  from  8  BALB/c  mice  per  group 
2  weeks  after  the  last  immunization  and  incubated  with  A20  cells  transfected  with 
P.  falciparum  CSP,  SSP2,  LSA1,  AMA1,  MSP1,  CSU\M.  or  empty  plasmid  as  control. 
Data  is  presented  as  antigen-specific  IFN--y  spot-forming  cells  per  million  spleen 
cells  (SFC)  after  background  control  responses  have  been  subtracted.  The  X-axis 
reflects  the  immunization  regimen:  2,  10,  and  50p.g  total  pDNA/dose  administra¬ 
tion  formulated  in  either  PBS  or  Vaxfectin  (Vax).  Regimens  were  either  the  univalent 


In  an  example  of  an  assay  that  utilized  1 00K  APCs,  CSLAM  immu¬ 
nized  splenocytes  stimulated  with  CSP,  SSP2,  LSA1.  AMA1,  MSP1, 
and  CSLAM  APCs  yielded  5,  85,  88, 1 17, 154,  and  316SFC/million 
respectively;  CSP  immunized  splenocytes  stimulated  with  CSP  and 
CSLAM  APCs  yielded  14  and  20SFC/million,  respectively:  SSP2 
immunized  splenocytes  stimulated  with  SSP2  or  CSLAM  APCs 
yielded  124,  and  153SFC/million,  respectively;  LSA1  immunized 
splenocytes  stimulated  with  LSA1  or  CSLAM  APCs  yielded  41  and 
90SFC/million,  respectively;  AMA1  immunized  splenocytes  stim¬ 
ulated  with  AMA1  or  CSLAM  APCs  yielded  38  and  78SFC/million 
respectively;  and  MSP1  immunized  splenocytes  stimulated  with 
MSP1  or  CSLAM  APCs  yielded  18  and  16SFC/mi!lion,  respectively. 
Overall,  ourgeneral  finding  from  these  preliminary  assays  was  that, 
while  the  responses  detected  against  A20-CSLAM  APCs  were  gener¬ 
ally  variable  and  higher  than  those  detected  against  single  antigen, 
the  use  of  these  APCs  that  expressed  all  5  antigens  served  as  a 
helpful  additional  tool  in  the  evaluation  of  the  total  T-cell  response 
induced  to  the  5-gene  vaccine. 

3.3.  Induction  of  P.  falciparum  antigen-specific  IFN-y  EUSpot 
responses  by  immunization  with  CSP  and  CSLAM  vaccines 

Splenocytes  from  BALB/c  mice  immunized  with  either  CSP  or 
CSLAM  pDNA  by  D-D  or  D-V  immunization  regimens  were  assayed 
for  IFN-y  responses  against  individual  Pf  antigen  APCs.  Seven  dif¬ 
ferent  APCs  were  assayed,  prepared  by  transfecting  A20  cells  with 
plasmid  encoding  CSP,  SSP2,  LSA1 ,  AMA 1 .  MSP1 ,  CSLAM,  or  unmod¬ 
ified  plasmid  VR1020. 

We  first  compared  the  magnitude  of  the  CSP-specific  IFN-y 
response  in  mice  immunized  with  2, 10,  and  50  p.g  of  either  CSP  or 
CSLAM  vaccine.  Accordingly,  CSP  or  CSLAM  splenocytes  were  each 
incubated  with  A20-CSP  APCs  (A20  cells  expressing  only  CSP)  or 
A20-CSLAM  APCs  (A20  cells  simultaneously  expressing  CSP,  SSP2, 
LSA1 ,  AMA1 ,  and  MSP1 ).  Robust  CSP-specific  IFN-y  responses  were 
detected  by  both  CSP  and  CSLAM  vaccines  when  A20-CSP  APCs 
were  used  (Tables  3a  and  3b,  and  Fig.  2).  Secondly,  each  of  the  vac¬ 
cines  induced  the  strongest  response  against  the  matching  APCs 
(Tables  3a  and  3b,  and  Fig.  2).  In  general,  it  was  noted  that  responses 
measured  against  A20-CSLAM  APCs  were  generally  higher  regard¬ 
less  of  vaccine  (Tables  3a  and  3b,  and  Fig.  2). 

Next,  we  summed  the  IFN-y  response  against  all  five  antigenic 
APCs,  as  a  measure  of  the  total  response  induced  by  the  multiva¬ 
lent  CSLAM  vaccine.  Accordingly,  splenocytes  from  CSP  or  CSLAM 
immunized  mice  were  incubated  with  the  panel  of  individual  anti¬ 
genic  APCs  comprising  A20-CSP,  A20-SSP2,  A20-LSA1,  A20-AMA1, 
and  A20-MSP1.  For  each  vaccine,  we  then  summed  the  responses 
against  all  five  APCs.  Data  with  effectors  from  the  CSLAM  low  dose 
group  (2  p.g)  containing  only  one-fifth  of  the  dose  (0.4  p.g)  of  the 
univalent  CSP  2  \ig  dose  group,  confirmed  our  earlier  finding  that 
there  was  no  evidence  of  suppression  in  the  multi-antigen  mixture 
(Tables  3a  and  3b;  279  SFC  using  0.4  p.g  CSP  in  CSLAM,  compared 
to  582  SFC  using  2  p.g  CSP).  Similar  findings  were  made  when  A20- 
CSLAM  targets  were  used  (Tables  3a  and  3b:  1679  SFC  using  0.4  |xg 
CSP  in  CSLAM,  compared  to  598  SFC  using  2  p.g  CSP). 

For  mice  immunized  with  CSP  via  the  D-D  regimen,  the  summed 
response  for  the  five  antigen-expressing  APCs  was  similar  to  the 
response  obtained  with  A20-CSP  APCs  alone.  For  example,  in  the 
case  of  Vaxfectin®  formulated  CSP  at  2. 10,  and  50  pig  doses,  results 


pDNA  vaccine  PfCSP  or  the  multivalent  pDNA  mixture  CSLAM  DNA  alone  regimen 
given  as  4  homologous  DNA  doses  4  weeks  apart  (DD)  or  a  prime-boost  regimen 
given  as  3  homologous  DNA  doses  followed  by  a  NYVAC-Pf7  boost  dose  each  4  weeks 
apart  (DV),  Control  groups  were  given  the  DV  regimen  (3  doses  empty  pDNA,  then 
1  NYVAC-PI7  boost)  with  pDNA  in  PBS  (cV),  or  with  pDNA  in  Vaxfectin  (c  vaxV).  A 
third  control  group  was  naive.  Error  bars  reflect  standard  deviation  of  quadruplicate 
samples. 
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Table  3a 

IFN-7  EUSpot  response  in  BALB/c  mice  to  P.  falciparum  CSP  vaccine  given  by  D-D  and  D-V  regimens  (Experiment  1 ). 


Regimen 

Dose  (tig) 

A20-CSP 

A20-CSLAM 

VAX 

PBS 

Ratio  (VAX/PBS) 

VAX 

PBS 

Ratio  (VAX/PBS) 

D-D 

2 

582 

73 

8 

598 

474 

1.26 

10 

750 

153 

4,89 

390 

548 

0.71 

50 

757 

603 

1.26 

658 

734 

0.90 

D-V 

2 

803 

1026 

0.78 

1230 

711 

1.73 

10 

806 

1098 

0.73 

728 

730 

1.00 

50 

1078 

1317 

0.82 

642 

1003 

0.64 

IFN-y  EUSpot  assays  were  carried  out  as  described  in  Section  2.  Freshly  isolated  spleen  cells  were  pooled  from  8  BALB/c  mice  per  group  2  weeks  after  the  last  immunization 
and  incubated  with  A20  cells  transfected  with  P.  falciparum  CSP.  CSLAM,  or  empty  plasmid  as  control.  Data  is  presented  as  antigen-specific  IFN-y  spot-forming  cells  per 
million  spleen  cells  (SFC)  after  background  control  responses  have  been  subtracted.  The  ratio  of  SFC  of  corresponding  Vaxfectin*  and  PBS  groups  were  obtained  and  are 
reported  in  the  "Ratio  (VAX/PBS)"  column. 


obtained  for  A20-CSP  vs.  (A20-CSP+A20-SSP2  +  A20-LSA1 +  A20- 
AMA1  +  A20-MSP1 )  were  582  vs.  602;  750  vs.  755;  and  757  vs.  775 
respectively. 

In  the  Vaxfectin®  formulated  CSP  at  2  fig  dose  group  given  via 
the  D-V  regimen,  we  obtained  robust  responses  against  CSP  due  to 
the  CSP  component  from  the  NYVAC-P/  boost.  However,  expected 
background  responses  against  the  other  four  CSLAM  antigens  were 
also  noted  due  to  the  immunogenicity  of  the  NYVAC-P/7  boost  even 
in  the  absence  of  prior  antigen-specific  priming  with  the  non-CSP 
antigens.  Summed  responses  induced  by  NYVAC-P/7  when  injected 
alone  against  all  5  antigens  was  95,  which  comprised  of  A20-CSP 
(19)+A20-SSP2  (44)+A20-LSAl  (0)+A20-AMA1  (21)  + A20-MSP1 
(11). 

In  other  studies,  we  have  reported  observed  suppressive  effects 
with  a  9-gene  mixture  which  included  the  CSLAM  antigens  (23). 
The  CSLAM  mixture  was  specifically  down-selected  from  that  9- 
gene  mixture  on  the  basis  of  improved  compatibility  with  negligible 
antigen  interference  [231- 

3.4.  Effect  of  Vaxfectin*  formulation  with  low  dose  pDNA  on 
antigen-specific  IFN-y  responses  in  D-D  and  D-V  immunization 
regimens 

We  have  previously  shown  that  Vaxfectin®  formulation  was 
most  effective  in  enhancing  immune  responses  at  low  doses  of 
pDNA  (29).  We  hypothesized  that  immune  responses  obtained  with 
low  dose  pDNA  formulated  with  Vaxfectin®  would  be  comparable 
to  responses  induced  by  higher  doses  of  unformulated  pDNA.  Initial 
studies  with  2, 10,  and  50  pig  pDNA  in  PBS,  administered  via  a  D-D 
regimen,  showed  a  general  dose  response  (Tables  3a  and  3b,  and 
Fig.  2).  As  hypothesized,  Vaxfectin®  formulation  of  low  dose  (2  pig) 
pDNA  CSP  and  CSLAM  vaccines  administered  via  a  D-D  regimen 
resulted  in  high  levels  of  response  against  A20-CSP  and  A20-CSLAM 
APCs  that  were  comparable  to  or  better  than  those  achieved  by 
unformulated  high  dose  (10  and  50  pig)  pDNA  (Tables  3a  and  3b, 
and  Fig.  2).  A  similar  trend  was  noted  for  the  D-V  immunization 
regimen,  although  the  responses  were  more  variable. 

Our  third  hypothesis  was  that  a  D-D  immunization  regi¬ 
men  with  low  dose  pDNA  formulated  with  Vaxfectin®  would 
yield  enhanced  immune  responses  comparable  to  those  obtained 
with  unformulated  low  dose  pDNA  administered  in  a  heterolo¬ 
gous  DNA  prime/viral  boost  (D-V)  immunization  regimen.  Data 
showed  that  D-D  immunization  of  Vaxfectin®  formulated  low 
dose  (2  pig)  pDNA  CSLAM  vaccine  induced  high  responses  against 
A20-CSP  APCs,  which  were  comparable  to  the  responses  induced 
by  D-V  immunization  of  unformulated  low  dose  (2  pig)  pDNA 
CSLAM  vaccine  (Tables  3a  and  3b).  However,  for  the  non- 
CSP  APCs,  Vaxfectin®  formulation  of  low  dose  (2  pig)  pDNA 
enhanced  D-D  induced  immune  responses;  however,  levels 
approached  but  did  not  reach  those  obtained  by  D-V  immuniza¬ 


tion  with  2  pig  unformulated  pDNA  CSLAM  (Tables  3a  and  3b,  and 
Fig.  2). 

3.5.  IFN-y  ELlSpot  response  to  P.  falciparum  antigens  by 
multivalent  CSLAM  and  5  individual  antigens 

Data  presented  above  showed  that  the  immune  enhancing  effect 
of  Vaxfectin®  formulation  was  generally  greatest  at  low  dose  pDNA. 
Therefore,  we  next  assessed  the  ability  of  Vaxfectin®  formulation 
to  enhance  responses  induced  by  low  dose  (2  pig)  immunization 
with  each  of  the  five  CSLAM  plasmids  injected  individually  or  as 
the  CSLAM  mixture  in  Experiment  2;  those  studies  used  only  two 
priming  doses  of  pDNA  instead  of  the  three  doses  given  in  previ¬ 
ous  experiments  in  order  to  better  dissect  any  potential  differences 
(Table  4).  In  almost  all  cases,  Vaxfectin®  formulation  enhanced 
responses  against  the  respective  APCs  (Table  4). 

Results  from  the  experiments  reported  above  suggested  that 
the  enhancing  effects  of  Vaxfectin®  formulation  were  more  pro¬ 
nounced  under  suboptimal  immunization  conditions  (namely,  low 
pDNA  dose  and  fewer  primes).  Since  heterologous  D-V  immu¬ 
nization  regimens  are  more  immunogenic  than  homologous  D-D 
regimens,  we  next  asked  whether  Vaxfectin®  formulation  could 
enhance  a  suboptimal  D-V  regimen  involving  a  single  prime  with 
an  extremely  low  dose  pDNA  in  Experiment  3.  For  those  studies, 
mice  were  primed  once  with  0.4  pig  pDNA  encoding  CSP,  SSP2,  LSA1 , 
AMA,  MSP1,  or  CSLAM,  and  boosted  4  weeks  later  with  NYVAC- 
P/7.  Results  showed  that  mice  were  sufficiently  primed  by  the 
Vaxfectin®  formulated  low  dose  pDNA  for  boosting  by  NYVAC-Pf7 
in  this  abbreviated  immunization  regimen.  Enhanced  responses 
after  priming  with  individual  antigens  were  detected  against  all 
tested  APCs,  reaching  statistical  significance  with  almost  all  APCs 
(Table  5).  Furthermore,  as  seen  in  the  earlier  experiments,  no 
evidence  of  suppression  in  the  mixture  was  noted  taking  into  con¬ 
sideration  that  the  amount  of  CSP  pDNA  was  one-fifth  the  dose 
of  the  univalent  vaccine  being  tested.  Another  group  of  mice  that 
received  the  NYVAC-P/7  boost  but  no  pDNA  prime  showed  minimal 
responses  (data  not  shown). 

4.  Discussion 

Because  of  the  complexity  of  the  Plasmodium  parasite  life  cycle, 
many  believe  that  an  effective  subunit  malaria  vaccine  will  need  to 
contain  antigenic  components  from  more  than  one  developmen¬ 
tal  stage.  Multi-antigen  vaccines  against  malaria  given  as  plasmids 
or  in  the  form  of  recombinant  mastocytoma-transfected  cells  have 
successfully  protected  mice  (9.46)  and  monkeys  [47,481  against 
malaria,  establishing  the  feasibility  of  a  multivalent  malaria  vac¬ 
cine.  Ease  of  combining  pDNA  vaccines,  as  compared  to  other 
conventional  methods  such  as  recombinant  proteins  and  viral  vec¬ 
tors,  has  made  DNA  an  attractive  platform  for  the  delivery  of 


Table  3b 

IFN-7  EUSpot  response  in  BALB/c  mice  to  P.  falciparum  CSLAM  vaccine  given  by  D-D  and  D-V  regimens  ( Experiment  1 ). 

Regimen  Dose  A20-CSP  A20-SSP2  A20-LSA1  A20-AMA1 

(jx-g) 


A20-AMA1 


A20-MSP1 


A20-CSLAM 


Summed  CSLAM 


-  "  ss-  fK  "  v“  a- ,,x  rai  su ,AX  "  su  -  a. 

07Q  Cl  tr  no  n  a  •>  _  _  I  '  — ~  — _  '  ' 


2  279  51  5 

10  53  143  037 

50  51  244  031 

2  647  192  3  37 

10  653  250  2.61 

50  638  356  1.79 


628  214  3 

455  818  0.56 

308  373  0.83 

1265  807  1.57 

1160  1155  1.00 

1368  1278  1.07 


573  374  2 

327  788  0.41 

598  591  1.01 

1713  1133  131 

1480  1963  0.75 

1584  1734  0.91 


1069  356  3 

1447  919  1.57 

1049  531  138 

1808  1277  1.42 

1707  1188  1.44 

1476  1624  0.91 


584  211  3 

383  621  0.62 

541  454  1.19 

1392  650  2.14 

1495  1593  0.94 

1686  1524  1.11 


1679  1336  1 

1768  1924  0.92 

1724  1526  1.13 

2278  2273  1.00 

2168  2468  0.88 

2016  2243  030 


3133  1206  3 

2665  3288  0.81 

2546  2193  1.16 

6825  4058  1.68 

6495  6150  1.06 

6751  6516  1.04 


~ ...  . - — - ; - ; - - - - -  -  xuio  am  U.UU  b751  6516  1.04 

/flldporum  CSP.SSra,  LSAl!  AMAl.MSPI* GLAM^emirtyp!^  mif  pe.r  Brou.f  2  we<*s  after  the  last  immunization  and  incubated  with  A20  cells  transfected  with  P. 

The  ratio  of  SFC  of  corresponding  Vaxfectin®  and  PBS  groups  were  obtained  and  are  reported  in  the  -Rftio  {VAX/l>BSr'coIumn.f  S  P"  SP  cells  (SFC)  after  back*round  control  responses  have  been  subtracted. 


IFN-7  EUSpot  response  in  BALB/c  mice  to  P.  falciparum  individual  and  CSLAM  vaccines  given  by  D-D  and  D-V  regimens  (Experiment  2). 
Regimen  Vaccine  Individual  and  CSLAM  vaccines  vs.  individual  A20  targets 

A20-CSP  A20-SSP2  A20-LSA1  A20-AMA1 


Individual  490 


Individual  1663 


Ratio 

(VAX/PBS) 

3.1 

3.9 


Ratio 

(VAX/PBS) 

4.4 

1.3 


A20-LSA1 
VAX  PBS 


Ratio  VAX 

(VAX/PBS) 

1.3  1828 

1.3  1223 


Ratio 

(VAX/PBS) 


A20-MSP1 
VAX  PBS 


Summed  CSLAM  response 
VAX  PBS  Ral 


Ratio 

(VAX/PBS) 

2.4 


3970  3840 

1237  888 


Ratio 

(VAX/PBS) 

4.4 

1.3 


Ratio 

(VAX/PBS) 


1.1 

1617 

1037 

1.6 

4,277 

3160 

1.4 

1.7 

1.8 

2540 

3897 

1600 

2088 

1.6 

13 

11,087 

6178 

1.8 

Regimen  Individual  and  CSLAM  vaccines  vs.  A20-CSIAM  targets 

CSP  SSP2  LSA1  _  AMA1  ~  MSP1  CSLAM 

— . "K  "  "  as-  ™  "  bu 

» _ 23823  3747  1  3  4m  M  S  2lll  1.8  2^7  Z  U  £  3368  I'l 

/S^eUs'tr^nsl'wed  w^h  P^lripomm  KP  SSreflM^^MA?  MSM^CSlAM^o^emDty^la^mW  as  coi^ol^°Dara  ^ALP/C  m'Cj  per  2  we^s  after  last  immunization  (individual  antigens  or  CSLAM),  and  incubated  with 
responses  have  been  subtracted.  The  ratio  of  SFC  of  corresponding  Vaxfectin®  and  PBS  groups  were  obtained  and  arerepored  i^C'4a"iorvSpBSr7cXm^mm8  Ce"S  mi",Cm  SP'een  Ce"S  (SFC)  background  contro1 


PBS  Ratio 

_ (VAX/PBS) 

2140  1.1 

3368  1.4 
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malaria  vaccines.  Our  previous  data  indicated  that  heterologous 
prime-boost  immunization  regimens,  such  as  priming  with  pDNA 
and  boosting  with  recombinant  virus,  are  more  efficacious  than 
homologous  immunization  regimens  [41,49].  The  complex  logistics 
and  costs  associated  with  manufacturing  a  second  vaccine  platform 
could  be  avoided  if  a  suitable  means  of  enhancing  the  immuno- 
genicity  of  pDNA  vaccines  could  be  identified. 

We  have  previously  reported  reduced  immune  responses  to  the 
antigenic  components  of  a  5-  and  9-gene  mixture  as  compared  to 
the  responses  obtained  when  given  as  individual  plasmids  [23,50 1. 
Subsequent  plasmid  elimination  studies  led  us  to  identify  a  5-gene 
mixture,  designated  CSLAM,  that  was  capable  of  inducing  multi¬ 
target  responses  without  serious  suppressive  effects.  Studies  with 
mixtures  of  this  down-selected  CSLAM  mixture  in  nonhuman  pri¬ 
mates  have  shown  no  adverse  effects  due  to  antigen  combination 
[51 1. 

Herein,  we  have  used  this  5-gene  mixture  to  address  the 
effect  of  dose  and  plasmid  formulation  for  optimal  multi-antigen 
immunogenicity.  We  show  that  with  homologous  DNA  (D-D) 
immunization  regimens,  formulation  of  low  dose  plasmid  with 
Vaxfectin®  enhances  immune  responses,  inducing  levels  compara¬ 
ble  to  those  obtained  with  higher  dose  pDNA  without  formulation. 
We  further  show  a  general  trend  whereby  the  immune  responses 
induced  by  D-D  immunization  regimens  with  a  low  dose  pDNA 
formulation  with  Vaxfectin®  was  higher  compared  with  unformu¬ 
lated  pDNA,  levels  did  not  reach  those  induced  with  unformulated 
pDNA  in  a  heterologous  DNA  prime-recombinant  viral  boost 
(D-V)  regimen.  This  is  a  significant  finding  since  the  use  of  a 
homologous  vaccine  platform  is  more  cost  effective  and  easier  to 
manufacture  and  administer  than  a  heterologous  multiple  plat¬ 
form  vaccine.  This  was  not  the  first  demonstration  that  Vaxfectin 
did  not  facilitate  transfection  [30j.  An  earlier  study  has  sug¬ 
gested  that  the  enhanced  antibody  responses  are  1L-6  dependent 
[40], 

It  should  be  noted  that  the  readout  of  the  current  studies  was 
immunogenicity  (both  T  cell  and  antibody  responses)  since  pro¬ 
tection  induced  by  P.  falciparum  constructs  cannot  be  evaluated  in 
preclinical  models.  However,  the  results  reported  here  are  consis¬ 
tent  with  data  previously  generated  in  the  P.  yoelii  model  which 
showed  that  Vaxfectin®  formulation  of  low  dose  PyCSP  plasmid 
DNA  vaccines  enhanced  T  cell  and  antibody  responses  as  well 
as  protective  efficacy  against  Plasmodium  sporozoite  challenge  in 
mice,  as  compared  to  PBS-formuIated  pDNA  [29], 

Our  data  further  validate  our  previous  down-selection  of  the 
5-gene  CSLAM  vaccine  [23,50).  Overall,  our  data  establish  that 
the  multivalent  vaccine  CSLAM  vaccine  can  induce  robust  and 
broad  antibody  and  T  cell  responses  against  each  component  of 
the  mixture  in  the  apparent  absence  of  antigen  interference.  The 
apparent  absence  of  antigenic  competition  with  plasmid  DNA  mix¬ 
tures  noted  here,  for  both  antibody  and  cellular  responses,  is 
consistent  with  data  generated  in  Aotus  monkeys  where  no  sig¬ 
nificant  difference  in  antigen-specific  ELISA  titers  was  noted  in 
monkeys  immunized  with  a  mixture  of  P.  falciparum  DNA  vaccines 
encoding  apical  merozoite  antigen-1  (AMA1 ),  erythrocyte  binding 
protein-175  (EBA-175)  and  merozoite  surface  protein-1  (MSP1) 
as  compared  to  monkeys  immunized  with  each  of  the  individ¬ 
ual  vaccines  [52).  Other  studies  in  mice  have  demonstrated  that 
a  mixture  of  two  plasmid  DNA  vaccines  can  confer  synergistic  or 
additive  effects  on  protection  against  sporozoite  challenge  [53).  The 
data  presented  here  provide  additional  experimental  evidence  in 
support  of  the  concept  of  multivalent  vaccination.  While  the  supe¬ 
riority  of  this  multi-target,  multi-immune  response  approach  will 
have  to  await  clinical  testing  with  challenge,  it  is  expected  that 
multivalent  vaccines,  especially  those  targeted  against  more  than 
one  stage  in  the  parasite  life  cycle,  would  be  more  protective  than 
univalent  vaccines. 
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Herein,  we  also  report  a  novel  approach  to  evaluation  of  a 
multivalent  vaccine,  whereby  A20  transfectants  expressing  either 
single  antigens  or  all  five  antigenic  APCs  simultaneously  (A20- 
CSLAM)  were  used  as  APCs  for  the  in  vitro  T  cell  assays.  This 
made  it  possible  for  us  to  estimate  the  total  response  against 
the  multivalent  CSLAM  vaccine  by  two  methods,  namely  (1) 
summing  responses  induced  against  each  of  the  five  individual 
antigenic  A20-APCs,  or  (2)  assaying  responses  against  a  single  tar¬ 
get  expressing  all  five  antigens  simultaneously.  We  found  that, 
though  the  sum  of  responses  against  each  of  the  five  individual 
antigenic  APCs  was  generally  higher  than  the  response  against  the 
CSLAM  APCs.  the  pattern  of  responses  was  similar.  This  method  is 
likely  to  be  a  useful  complement  to  other  studies  of  multivalent 
vaccines. 

In  other  studies  in  the  P.yoetii  model,  we  have  evaluated  another 
cationic  lipid  formulation,  DMRIE-DOPE.  Our  data  showed  that 
DMR1E-DOPE  enhanced  antibody  response  at  all  pDNA  doses  tested 
(0.4-50  p,g)  but  reduced  both  IFN-y  responses  and  protective  effi¬ 
cacy  against  sporozoite  challenge,  as  compared  with  unformulated 
pDNA  (Sedegah.  unpublished ).  In  contrast,  our  data  with  Vaxfectin® 
reported  here  show  that  Vaxfectin®  preferentially  enhanced  both 
cell-mediated  immunity  and  humoral  immunity,  and  surpassed  the 
level  of  antibody  responses  induced  by  DMRI-DOPE  formulation 
(Sedegah,  unpublished).  Others  have  evaluated  cationic  distearoyl 
phosphatidylcholine  (DSPC)  liposomes  in  Leishmania  vaccine  stud¬ 
ies  and  report  long-term  immunity  in  mice  when  the  adjuvant 
was  added  with  the  immunodominant  63-kDa  glycoprotein  (gp63) 
of  Leishmania  donovani  [54].  Chemical  adjuvants  for  plasmid  DNA 
vaccines  which  include  liposomes,  polymers  and  microparticles 
have  been  investigated  extensively  and  liposomes  and  polymer 
adjuvants  have  proved  effective  in  some  models  but  not  others 
[reviewed  in  55]. 

In  the  current  studies.  Vaxfectin®  formulation  enhanced 
immune  responses  with  fewer  priming  doses  and  reduced  concen¬ 
trations  of  pDNA  which  are  advantageous  for  vaccine  development 
in  general,  and  for  the  development  of  a  vaccine  against  com¬ 
plex  pathogens  such  as  malaria  in  particular.  Preliminary  human 
safety  and  immunogenicity  data  from  a  Phase  I  trial  to  evaluate 
a  monovalent  and  trivalent  Vaxfectin®-formuiated  H5N1  pan¬ 
demic  influenza  DNA  vaccines  in  healthy  volunteers  suggests  that 
pDNA  vaccines  can  achieve  potentially  protective  levels  of  anti¬ 
body  responses  in  humans  [37],  The  aim  is  to  use  Vaxfectin® 
formulation  to  optimize  pDNA  priming  of  immune  responses 
that  could  potentially  eliminate  the  need  for  boosting  with  the 
viral  vector  vaccine.  The  finding  of  a  well-tolerated  safety  pro¬ 
file  and  no  vaccine-related  serious  adverse  events  in  humans 
after  immunization  with  Vaxfectin®-formulated  pDNA  [37]  sup¬ 
port  further  development  of  Vaxfectin®-formulated  multivalent 
malaria  pDNA  vaccines  for  humans  either  as  part  of  a  prime-boost 
regimen  that  involves  a  recombinant  virus,  such  as  NYVAC-P/7 
(which  has  already  been  evaluated  in  humans  and  showed  to 
induce  partial  protection)  [44],  or  as  a  stand  alone  DNA-DNA 
vaccine. 
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